:M:ost authors have, until now, rightly stressed the importance of activation analysi.s as one of the most sensitive analytical tools for the determination of a la:rge number of elements.
In our opinion, however, activation analysis is not only useful for the analysis of traces, but also for the determination of minor constituents in complex materials.
For elements occuring in concentrations of 0·01 per cent up to a few per cent, activation analysis can compete favourably with classical electrochemical or optical methods, as far as speed and accuracy are concerned. In most cases the latter methods will indeed require either a quantitative separation prior to the determination of the constituent to be analysed, or the removal of interfering substances, as the number of really specific reactions is rather limited. Such preliminary treatment of the sample can give ri:~e to considerable errors and is often time-consuming.
It is obvious that this cause of errors can usually be avoided by activation analysi.s. After irradiation, a suitable amount of inactive carrier can be added to the sample, and a quantitative separation is not required if the yield js computed. Moreover, in many cases a separation is not even necessary as interference from other radioactive species can be avoided or co:rrected for. In the case of gamma emitters, for instance, the use of a single or multichannel analyser often allows selective measurement in the presence of other gamma radiations of different energy, while analysis of composite decay curves sometimes offers a means of accounting for interfering activities.
ACCURACY OF ACTIVATION ANALYSIS
I t b obvious that in most cases involving activation analysis of minor constituents, errors due to poor counting statistics will usually be small, as the concentration ranges involved are several orders of magnitude larger than in trace analysis. They will not be discussed in this place.
An important source of errors can, however, be due to differences in neutron fiux between sample and reference. The content of a sample is indeed usually computed from the ratio of the activities of the sample and of a known amount of standard, rather than by absolute disintegration rates. These differences in neutron flux are mainly to be attributed to two causes: neutron ftux irregularities between sample and reference, as they obviously cannot occupy the same place, and different self-shielding effects if absorption cross-sections of sample and reference are substantially different.
To correct for these differences we have developed a method of activation analysis using an internal standard
•
Instead of irradiating a known amount of the element as a reference, two quantities a and b of the sample are irradiated, an amount c of the element X to be determined being mixed homogeneously with b. The material subjected to analysis should contain at least one element Y, which gives rise to an isotope measurable with good accuracy and having a half-life long in comparison with that of the isotope of the analysed species.
When both samples are measured at a time t after the complete decay of the species due to X, the ratio of the activities ·due to Y will be given by
cx being a correction factor which compensates for any difference in the neutron fiux received by the two samples andjor for a different neutron shadowing. By analysis of the decay curves, the activities At 0 (x) and A/ 0 (X), due to the element X, can be computed at the end of the irradiationtime t 0 •
The speci:fic activity of the sample, due to X, will be given by
and the percentage of X present by
A second source of error, which is likely to be important when determining minor constituents, will be due to (n,p) and (n,cx) reactions. The cross-sections of these reactions for fast neutrons in the B.E.P.O. reactor have recently been determined by Mellish et al. 2 and are usually several orders of magnitude smaller than those of (n,y) reactions with thermal neutrons. As ultimate sensitivity is not needed when determining minor constituents, these interferences can be avoided by using the irradiation facilities of the reactor reflector or even of the thermal column. At these sites the ratio ofthermal to fast neutron ftuxes is small and enough activity is still induced to achieve accurate counting.
As will be illustrated later by the determination of vanadium and tungsten in National Bureau of Standards high alloy steels, the standard error o n a series of determinations varies between 1 and 15 per cent. These errors appear to be of the same magnitude as those computed from the certificates of the N.B.S.
ACTIVATION ANALYSIS OF VANADIUM 3
Natural vanadium gives rise to only one product by the (n,y) reaction, namely 52 V, a ß-y emitter (ß = 2 · 7 MeV; y = 1·46 MeV) having a half-life of 3·75 min. The activation cross-section is 4·5 barns.
Since the half-life of 52 V is too short to permit isolation of this element after irradiation, interference by a number of steel constituents is to be expected. The radiochemical properties of the most usual constituents in high alloy steels are summarized in Table 1 . It appears that if a short irradiation time is used and measurements are carried out with a single-channel ana1yser, restricting the counting within a band ranging from 1·3 to 1·5 MeV gamma's, the on1y radiations giving appreciable interference are the 1·81 and 2·13 MeV gamma's of 56 Mn, which produce Campton recoil pu1ses in this energy band.
Possible interference from 52 Cr and 55 Mn, which also give rise to 52 V by (n,p) or (n,a) reactions, was investigated. At a site near the reflector of the BR-1 reactor, with a Cd ratio and a neutron flux of respectively of chromium and 13·9 mg ofvanadium were irradiated during 10 sec periods and counted in a weH-type scintillation detector connected to a singlechannel analyser, set to measure an energy band as described above. The results are illustrated in Figure 1 , from which it is seen that no evidence of Interference by (n,p) and (n,a) reactions a 5 5Mn (n,a) 52 V reaction was found, whereas 52 V is formed to a small extent by (n,p) on 52 Cr. In our experimental conditions this error will be of the order of 1 per cent for a chromiumfvanadium ratio of 1000/1 and consequently negligible for most practical purposes. In less favourable conditions, however, this error can become quite important. In activation analysis with the Amsterdam cyclotron, where neutrons are produced with 26 MeVdeuterons on a beryllium target and thermalized in a 20 cm paraffin block, a chromium/vanadium ratio of 1000/1 would give rise to a 220 per cent error. The internal standard procedure, described above, was tested on a nurober of N.B.S. high alloy steels. In most cases an irradiating faci1ity near the reflector of the BR-1 reactor was used with a neutron flux of 10 1 0 neutrons cm-2 sec-1 • The steel turnings were transferred into the neighbourhood of the counting room by means of a pneumatic tube. The samples a and b were counted alternately during 20 sec periods with a Japse of 10 sec between successive periods in a well-type detector connected to a single-channel analyser. A typical plot is shown in Figure 2 ..
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Time sec Figure 2 . Determination of vanadium with internal standard IX, the neutron correction factor, as well as the vanadium activities at the time t 0 can be computed by analysis of the decay curve and extrapolation.
Results for a number of N.B.S. steels are given in Table 2 .
The standard error on sample 155, for instance, as computed from the eight analyses given by the N.B.S. is 27 per cent, whereas it is 16 per cent on seven activation analyses. On sample lüld the standard error on ten N .B.S. analyses is 5 ·6 per cent, whereas the corresponding error on four activation analyses is 7 ·9 per cent.
It is also apparent that all the results obtained by activation analysis are in excellent agreement with those of the N.B.S.
ACTIVATION ANALYSIS OF TUNGSTEN 4
The dassical analysis of tungsten in high alloy steels presents a nurober of difficulties as the quantitative separation of small amounts of tungstic acid is difficult to achieve. Furthermore, the precipitate is impure due to co-precipitation or adsorption of molybdenum, vanadium, tantalum, niobium, silicon, etc.
These difficulties can be avoided by activation analysis, as the nuclear properties of tungsten are rather favourable. Natural tungsten gives rise to several isotopes, by the (n,y) reaction on the natural element, of which 187 '\t\T, a ß-y emitter with a 24 h half-life was used for our purpose.
Two procedures were considered, namely with and without chemical Separation of the tungsten as tungstic acid.
In the former case a nurober of radioactive species, produced by (n,y) reaction on the other steel constituents, are likely to interfere. Short-lived isotopes, such as 52 V, 66 Cu, Gorneo and 101 Mo will decay completely within a few hours after the end of the bombardment, while the half-life of 5 6Mn differs sufficiently to allow correction tobe made f~r this activity by analysis of the decay curve. The long-lived species, such as 51 Cr, 59 Fe, 182 Ta and ...... Figure 3 . As the cross-sections of tungsten and of some cobalt steels are quite high, self-shielding effects are far from negligible, as illustrated in Figure 5 , where the specific activity is measured as a function of sample size. It appears that sam.ples should be kept quite small if errors due to selfshielding are to be avoided. To obviate this, use was made of the internal standard procedure. The total activities of the long-lived species were used to compute cx, the neutron correction factor. A typical example is illustrated in Figure 6 , whereas results on a number of N.B.S. steels are represented in Table 3 .
It appears from Table 3 that the results are in good agreement with those of the N.B.S. and that the mean error is of the same order of magnitude.
The method without chemical separation has, however, the disadvantage that accurate results cannot be obtained if !arger amounts of copper, arsenic and molybdenum are present than those indicated above. Furthermore, results are only available after about fifteen days, as graphical analysis of the decay curves are necessary.
It is possible to avoid these disadvantages by separating tungsten as tungstic acid after addition of a suitable an1ount of tungsten carrier. Double homogeneaus precipitation of tungstic acid from perchloric acid and hydrogenperoxidein the presence ofvanadate, to reduce molybdenum D. ~IAPPER ( U.K.): Dr Reed has stated an important problern in activation analysis. In our work on the determination of copper, nicke!, and cobalt in geochemical materials, we extended the work to a study of standard (B.C.S.) steels. Although the content of these three elements is higher in these steels than one desires in trace element analysis, it is very difficult to obtain materials with accurately known trace content. We found that though the nicke! and copper results werein excellent agreement, some of the cobalt results were quite different from those reported. Further investigation by B.C.S. showed that the previously published cobalt determinations were in error. In our germanium work, too, we have obtained excellent agreement with the results by other methods, and those reported by different workers.
It would be of great help to chemists in the field of activation analysis, to be able to obtain standard samples, which have an accurately known trace element content.
G. vV. LEDDICOTTE ( U.S.A.):
I agree with Dr Hoste's Suggestion that internal standards should be used. Since the absolute disintegration rate of cobalt-60 may be determined, a cobalt monitor would serve as a good internal standard.
With regard to the size of samples, I think that small samples must be used in all cases except where the flux is very low. Our experience in the determination of sulphur (about 10 partsfmillion) in chromium by the (n,p) reaction has shown that the results vary by a factor of five when the sample size varies from 100 mg to several grams. While the neutron flux is fairly homogeneaus in a graphite reactor, there may be quite pronounced variations of flux in other types of reactor. Again, a cobalt monit:or or some other comparative sample technique would solve the problern.
G. LELIAERT (Belgium):
The use of 6°C o as a monitor is not always feasible as there is also a time dependence, quite apart from variations in the neutron flux. I think that a monitor should be used in which the radioisotope produced has a half-life comparable with that of the radioisotope under examination.
G. W. REED ( U.S.A.):
I should like to say a word ofwarning about using internal standards. Using a nuclide, different from that being measured, to monitor an irradiation is probably quite satisfactory in a uniform thermal flux as found in the thermal columns of some reactors. However, many reactors today are water boilers, swimming pools, etc., and a high percentage of the neutrons used are in the epi-thermal region. Most nuclides have resonance cross-sections, and these, coupled with high resonance fluxes, spell trouble. We feel it is necessary to construct ca!H;nation curves of activity against weight for the sought-after activity, and to make the monitor as nearly similar to the sample as possible; otherwise one cannot be sure of what is being measured.
F. GIRARDI (lta!y):
With regard to the cobalt monitaring suggested by Dr Leddicotte, I should like to add that while the nuclear constants of cobalt are generally weil known, the resonance integral of cobalt, which may be important where fast fluxes are involved, is not so weil known.
At Chalk River cobalt wires 1/5,000 in. thick were used and it was assumed that no self-absorption occurred; but after some experiments using highly dilute cobalt in aluminium the resonance absorption peak of cobalt was found to be mainly due to scattering. The resonance integral of cobalt changed from 48·6 to 75 barns so that a big correction had tobe made on all measurements.
G. LELIAERT (Belgium):
The complete decay curve is not always necesary in order to obtain a correction for the internal standard. One can also use a gamma spectrometer and the correction factor o btained from the ratio of the areas of the photo-peaks of the control isotope and the element under investigation.
